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Abstract: Background: Traditional Chinese Medicine (TCM) massage utilizes mechanical force stimulation, and the
amount of mechanical force influences therapeutic outcome. This amount is determined by pressure, frequency,
and duration; however, there are no standard definitions for these measures. Methods: An orthogonal design was
used to evaluate massage efficacy using muscle tension as an index. Pressure (2, 4, 6 kg), duration (5, 10, 15 min),
frequency (60, 120, 180 repetitions/min), pain (mild, medium, severe), weight (<60, 60-75, >75 kg), and sex (male,
female) were evaluated. Additionally, a porcine model of muscle tension was used to construct pressure-time curves
for muscle tissues under static and dynamic pressure. Results: We identified an interaction among the six mas-
sage measures (P<0.05). Of these measures, only two were individually significant: manipulation frequency and
patient pain level (P<0.05). Specifically, 120 repetitions/min improved muscle tension significantly more
than 60 or 180 repetitions/min (P<0.05), and patients with severe pain had significantly improved muscle
tension compared to those with medium or mild pain (P<0.05). In the porcine muscle model, both static and
dynamic pressure were attenuated by approximately 12.5% per cm. This attenuation dropped to 10% per cm when
the pressure sensor was placed below tissues with different thicknesses instead of being inserted into tissues at
different levels. Conclusion: Manipulation frequency and patient pain level were primarily responsible for the thera-
peutic effects of TCM massage. Mechanistically, pressure was attenuated by nearly 75% at a depth of 2 cm from
the muscle surface during TCM massage.

Keywords: Tuina, massage, traditional Chinese medicine, lumbar disc herniation, skeletal muscle, pressure at-
tenuation

Introduction and is clinically effective in treating soft tissue
fatigue and injury [4]. Although rolling manipula-
tion has clear clinical benefits, the method is
variable and has not been systematically inves-
tigated to define the optimal combination of
pressure, frequency, and duration to achieve

the desired therapeutic outcome.

Tuina (massage) is an important part of Tra-
ditional Chinese Medicine (TCM) and is used
to treat disease, eliminate fatigue, and enhan-
ce physical fitness. Massage is increasingly
accepted as an effective treatment for disease
prevention and health care. Currently, the med-

ical community recognizes massage as a treat-
ment that relaxes tendons and activates collat-
eral ligaments, which promotes blood circula-
tion, regulates Qi, and relieves pain [1, 2]. Of
the massage manipulation techniques, rolling
manipulation relaxes tendons and collateral
ligaments most effectively [3]. Rolling manipu-
lation involves a large area and a deep force

Long-term clinical practice has identified the
amount of manipulation stimulation as a key
factor of massage [5]. The amount of manipu-
lation stimulation is determined by dynamic
measures: pressure, frequency, and duration.
Variation of any of these measures alters the
effects of the massage. Therefore, therapeutic
effects vary when rolling manipulation is com-
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bined with different measures. Currently, the
rolling manipulation-response relationship is
not fully understood in the medical community,
and there is no guidance for standardization
or normalization. Moreover, uniform instruction
for rolling manipulation is not administered,
and the rolling manipulation standards are of-
ten adjusted according to the personal habits
of the physician. To improve clinical efficacy in
obese patients or patients with a high degree
of pain, physicians may increase pressure and
prolong the duration of rolling manipulation,
which often results in subcutaneous conges-
tion, skin damage, syncope, or other adverse
reactions [6]. In addition, the literature pub-
lished between 1986 and 2001, improper
manipulation caused 115 accidents of frac-
tures, dislocations, nerve damage, paraplegia,
death, and other serious accidents [7]. The fre-
quent occurrence of massage accidents has
greatly reduced the academic status of the dis-
cipline and has severely restricted the promo-
tion and clinical application of massage [8].
Therefore, optimizing the combination of dyna-
mic measures of rolling manipulation massage
in different groups of people is expected to pro-
vide guidance for its clinical application.

The incidence of lumbar disc herniation in the
working population is more than 50% [9]. Lum-
bar disc herniation is a chronic musculoskele-
tal injury, often accompanied by unilateral or
bilateral lower limb muscle spasm [10, 11].
Interestingly, the primary manifestation of skel-
etal muscle injury is also muscle spasm and
pain. Since massage concentrates on skeletal
muscle, it is an attractive therapy for pain relief
after lumbar disc herniation or skeletal muscle
injury. Most clinicians regard the relief of mus-
cle tension as an indicator of successful mas-
sage treatment. Modern experimental studies
have also shown that massage improves mus-
cle tension, mechanical properties of muscle
tissue, muscle strength, and promotes the re-
pair of injured muscle tissue [12, 13].

Massage involves mechanical force acting on
the body surface, and massage therapy is ach-
ieved through the coordinated manipulation
and rhythmic stimulation of the body surfa-
ce [14]. However, the relationship between the
mechanical force acting on the body surface
and the internal pressure applied to the mus-
cles remains unknown. It is also unclear wheth-
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er the mechanical force is attenuated before,
during, or after acting on the muscles.

Here, we used an orthogonal experimental
design to investigate the use of defined levels
of pressure, frequency, and time of rolling
manipulation massage on skeletal muscle ten-
sion in patients with lumbar disc herniation. We
also evaluated the effect of patient pain level,
weight, and gender in this model. After defining
the optimal values in patients, we investigated
the application of mechanical force and rolling
manipulation in an in vitro model of porcine
sacrospinous muscle. The combination of sen-
sor technology and dynamic data acquisition
allowed us to study muscle stimulation and
attenuation of force. Our results provide a th-
eoretical basis for the mechanism of action of
massage therapy and allow for quantitative in-
vestigation of the effects of massage on skele-
tal muscle tension.

Materials and methods
Ethical approval

All protocols followed those outlined in the
Declaration of Helsinki and were approved by
the Institutional Review Board of Yueyang Hos-
pital of Integrated Traditional Chinese and We-
stern Medicine, Shanghai University of Tradi-
tional Chinese Medicine (IRB No. 2016-037).
Each patient granted informed consent for par-
ticipation. The reporting guidelines adhered to
those proposed by the Consolidated Standards
of Reporting Trials (CONSORT) group.

The fresh porcine muscle tissue used in the
study was specially purchased for the research,
so there was no animal testing ethics involved.

Subjects

We recruited patients with lumbar disc hernia-
tion from Yueyang Hospital of Integrated Tra-
ditional Chinese and Western Medicine. In-
clusion criteria were based on the Standard of
Diagnostic Effect of TCM Syndrome as follows:
(1) the diagnosis was consistent with the diag-
nostic criteria of TCM and western medicine; (2)
acid distension, spasm, or pain in the gastroc-
nemius muscle of at least one lower limb; (3)
18-70 years of age; (4) stable condition and
able to lie in the prone position for 30 minutes;
and (5) informed consent was given. The exclu-
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Table 1. L8 (2x37) orthogonal experimental
design

L18 (2 x37)

Processing A B C D E F
1 2 2 1 2 2 1
2 1 3 3 2 2 2
3 3 1 1 2 3 1
4 3 1 3 2 1 2
5 2 1 2 3 3 2
6 1 2 1 3 3 2
7 1 1 2 1 2 1
8 2 1 3 3 2 1
9 1 2 3 3 1 1
10 3 3 2 3 1 1
11 2 3 1 1 1 2
12 2 2 2 2 1 1
13 3 2 3 1 3 1
14 3 3 1 3 2 1
15 1 1 1 1 1 1
16 3 2 2 1 2 2
17 1 3 2 2 3 1
18 2 3 3 1 3 1

sion criteria were as follows: (1) serious con-
dition or obvious surgical indications; (2) pr-
esence of life-threatening primary disease or
mental iliness; (3) recent history (within 3 days)
of strenuous or extreme fatigue exercise that
seriously affected the lower limbs; (4) lower
limb disability, scarring, muscular atrophy, lum-
bar fracture, tuberculosis, or space occupying
disease; (5) pregnancy or lactation; and (6) par-
ticipation in other clinical trials. The discontinu-
ation and elimination criteria were (1) serious
adverse events or adverse reactions; and (2) If
serious adverse events, reactions, or complica-
tions were observed, treatment was discontin-
ued, and the patient was removed from the
study.

Orthogonal testing scheme

Based on the characteristics of clinical mas-
sage therapy, we opted to use an orthogonal
experimental scheme to investigate different
combinations of rolling manipulation approach-
es. The dynamic parameters of rolling mani-
pulation were used to design an orthogonal
table L'® (2x37), which is presented in Table
1. Pressure, frequency, duration, pain level,
weight, and gender are denoted by A, B, C, D, E,
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and F, respectively (Tables 1 and 2). Each
parameter was evaluated at two to three de-
fined levels, which are denoted as levels 1, 2,
and 3 in Tables 1 and 2 as follows: pressure (1
=2 kg, 2 =4 kg, 3 =6 kg), frequency (1 = 60
repetitions/min, 2 = 120 repetitions/min, 3 =
180 repetitions/min), duration (1 = 5 min, 2 =
10 min, 3 = 15 min), pain (1 = painless, 2
mild, 3 = severe), weight (1 = less than 60 kg, 2
=60-75 kg, 3 = greater than 75 kg), and gender
(1 = male, 2 = female), pain (mild, medium,
severe). In the L8 (2x37) orthogonal table, 18
experimental combinations of parameters were
selected. Patients were randomly assigned to
one of the 18 treatment arms after match-
ing pain, weight, and gender combinations. The
massage operator administered rolling manipu-
lation at accurate pressure, time, and frequen-
cy to each volunteer according to the assigned
parameter combination.

Sample size estimation

The six-factor multilevel orthogonal design of
this study required 18 treatment combinations
(Table 1). To enable interaction and variance
analysis, each treatment combination was per-
formed three times for a total sample size of
54,

Muscle tension detection

For massage therapy and muscle tension de-
tection, participants were required to wear loo-
se pants, lie prone on the massage bed, and
rest for 5 to 10 minutes. After the breathing
and mood of the participant stabilized, the
muscle tension of the testing site (the abdo-
minal center of the unilateral gastrocnemius
where the Chengjin acupoint is located) was
determined. The soft tissue tension testing
probe (PEK-1, Concord Co., Ltd., Japan) was
maintained in an identical position on the lower
limb during the test. The intelligent manipula-
tion technique parameter determination sys-
tem (Shanghai University of Traditional Chinese
Medicine Shangxin Medical Technology Co.,
Ltd.) was positioned vertically over the testing
site. Muscle tension was detected three times,
and the average value of the triplicate was con-
sidered the initial muscle tension. The muscle
tension test was performed again immediately
after rolling manipulation. The testing posi-
tion and angle were consistent with the initial
measurements. The measurement was repeat-
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Table 2. TCM rolling manipulation parameter and patient fac-

Porcine sacrospinous muscle

tor levels model of muscle tension
A 8 ¢ D 2 F To better study the att ti f
Factors Pressure Frequency Duration Pain’ Weight Gender r: sglee’;isgor): af’;?mzr;iz |Zn Oe
(k§)  (rep./min)  (min) (kg) . g ! assage, w
vl 2 60 5 mid <60 male  USe02Pporcine sacrospinous mus
Level2 4 120 10  medium 60-75 female cie model. e coflected iresh sa-
crospinous muscle tissue from pi-
Level 3 6 180 15 severe >75

“Pain was assessed by the Visual Analogue Scale (VAS) from 1 to 10: 1 to 3

was mild, 4 to 6 was medium, and 7 to 10 was severe.

ed three times, and the average value of the
triplicates was recorded as the final muscle
tension.

TCM rolling manipulation

The massage operator performed rolling mani-
pulation using the corresponding parameters
of each treatment combination. Rolling manipu-
lation was centered on the Chengjin acupoint
of the unilateral lower limb. To perform rolling
manipulation, the proximal little finger of the
back of the palm is positioned near the treat-
ment site, the metacarpophalangeal joint is
slightly flexed, the wrist joint is flexed and
extended to the maximum extent, and the fo-
rearm is rotated synergistically. The proximal
back edge of the palm continues to move back
and forth on the treatment site. To maintain
accurate treatment parameters during rolling
manipulation, we used an intelligent manipula-
tion technique parameter determination syst-
em and a Speeding Stopwatch (PC2000A,
China). We synchronously monitored the pres-
sure, time, and frequency parameters of rolling
manipulation.

Observation index

To evaluate the effect of rolling manipulation,
we calculated the degree of muscle tension
improvement for each patient. The rate of mus-
cle tension improvement was calculated by
comparing muscle tension before and after roll-
ing manipulation and was used in our statisti-
cal analyses.

Improvement rate of MT =

(Before treatment MT - After treatment MT)
(Before treatment MT)

X 100%
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gs and dissected the tissues to
uniform sizes (15 cm*30 cm).
Vernier calipers were used to ac-
curately define muscle thickness
in every experiment. A diaphragm pressure
sensor was inserted into different thicknesses
or different layers of fresh porcine sacrospi-
nous muscle to assess muscle tension (Fi-
gure 1A). The diaphragm pressure sensor was
paired with an intelligent manipulation tech-
nique parameter determination system to ad-
minister rolling manipulation with defined pres-
sure, frequency, and duration parameters. An
EDX-2000A dynamic data acquisition system
(Concord Co., Ltd., Japan) was used to collect
muscle tissue pressure information, record the
pressure-time curve, and observe pressure at-
tenuation.

Sensor static baseline calibration

After the diaphragm pressure sensor was con-
nected to the data acquisition system, the as-
sembly was placed horizontally on the parame-
ter determination system, and the parameters
were adjusted to zero. After the curve stabi-
lized, a 4000 g mass was gradually deposited
directly above the sensor. The data acquisition
system collected data, and the parameter de-
termination system monitored the stability of
the load. Typically, a 10-s static curve was col-
lected. These steps were repeated with metal
masses of 3000 g, 2000 g, 1000 g, 500 g, 100
g, 50 g, and 20 g to obtain a static baseline ca-
libration of the sensor.

Static pressure decay in different thicknesses
and layers of skeletal muscle

The diaphragm pressure sensor was connected
to the data acquisition system, the instrument
parameters were adjusted to zero, and fresh
pig sacrospinous muscle was placed horizon-
tally on the parameter determination system.
Static pressure-time curves were collected as
described for the baseline calibration by plac-
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Diaphragm pressure sensor

2/4 layer of skeletal muscle
3/4 layer of skeletal muscle

f surface of skeletal muscle

1/4 layer of skeletal muscle

4/4 |ayer of skeletal muscle

Figure 1. Schematic diagram of in vitro muscle pressure detection. A. The diaphragm pressure sensor to measure
static pressure attenuation. Muscle tissues were placed above the diaphragm pressure sensor, and metal masses
were added. To measure dynamic pressure, the diaphragm pressure sensor was positioned similarly, and rolling
manipulation (4000 g, 120 repetitions/min, and duration of 10 min) was applied to the surface of the muscle tis-
sue by the parameter determination system. B. Isolated muscles of different thicknesses were used in both static
and dynamic pressure attenuation experiments. C. In 4-cm-thick muscle tissue, both static and dynamic pressure
attenuation were measured at different tissue depths. The pressure sensor was inserted into the tissue at the loca-

tions indicated in the diagram.

ing the diaphragm pressure sensor at the bot-
tom of 1-, 2-, 3-, or 4-cm-thick muscle tissue
(Figure 1A and 1B), adding metal masses of
decreasing weights, and recording the detect-
ed pressure in the tissue. Individual single
curves were obtained from eight samples of
isolated sacrospinous tissue with identical ma-
sses. The mean value was calculated for statis-
tical analysis.

Similarly, isolated tissue with a thickness of 4
cm was horizontally placed on the parameter
determination system, and the diaphragm pre-
ssure sensor was inserted into the upper 1/4,
2/4, 3/4, or 4/4 of the isolated tissue (Figure
1C). Static pressure-time curves were collect-
ed as described above, and individual single
curves were obtained from eight samples of
isolated tissue with identical masses. The me-
an value was calculated for statistical an-
alysis.

Baseline calibration of TCM rolling manipula-
tion parameters

To establish a dynamic pressure baseline for
the diaphragm pressure sensor, TCM rolling
manipulation (4000 g, 120 repetitions/min, 10
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min) [15] was applied to the surface of freshly
isolated muscle tissue. The parameter deter-
mination system monitored the quality of the
manipulation, and the resulting curve was all-
owed to stabilize. After stabilization, the data
acquisition system composed the dynamic cur-
ve. This curve served as a dynamic pressure
baseline for the sensor.

Dynamic rolling manipulation pressure decay
in different thicknesses and layers of skeletal
muscle

As described above, the diaphragm pressure
sensor was fixed to the parameter determina-
tion system, and isolated porcine sacrospinous
tissues with thicknesses of 1 cm, 2 cm, 3 cm,
and 4 cm were placed on the sensor. Then,
TCM rolling manipulation was applied to the
tissue surface with the following parameters:
4000 g, 120 repetitions/min, and 10 min dura-
tion. Similarly, fresh porcine sacrospinous mus-
cle with a thickness of 4 cm was placed hori-
zontally on the parameter determination sys-
tem, and the diaphragm pressure sensor was
inserted into different layers of the tissue at
depths of 1/4, 2/4, 3/4, and 4/4. The parame-
ter determination system monitored the quality
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Table 3. Analysis of variance of rolling manipulation parameters and patient factors in the orthogonal

model

Sources of variation SS df MS F value P value
Pressure 6.252 2 3.126 1.166 P>0.05
Frequency 20.56 2 10.28 3.834 P<0.05
Duration 1.663 2 0.832 0.31 P>0.05
Pain 179.371 2 89.686 33.452 P<0.05
Weight 0.307 2 0.154 0.057 P>0.05
Gender 0.675 1 0.675 0.252 P>0.05
Pressure*Frequency*Duration*Pain*Weight*Gender 33.127 9 3.681 1.373 P<0.05

Error

40.215 15 2.681

SS is Sum of squares of deviation; df is degree freedom; MS is Mean Square.

of the manipulation, and the data acquisition
system collected the dynamic pressure-time
curves. Individual single curves were obtained
from eight samples of isolated sacrospinous
tissue with identical masses. The mean value
was calculated for statistical analysis.

Statistical analysis

SPSS 25.0 software was used for all statistical
analyses. For patient studies, we analyzed the
main effects and interactions of each factor by
univariate analysis. Experimental results are
expressed as mean * standard error (SE).

For studies using the porcine sacrospinous
tissue model, pressure-time curves were ana-
lyzed as continuous variables and were ex-
pressed as mean * standard deviation (SD).
Differences between groups were analyzed by
one-way analysis of variance (ANOVA) with po-
st hoc correction for multiple comparisons. P<
0.05 was considered significant.

Results

Rolling manipulation parameters and patient
factors influence muscle tension improvement
after TCM rolling manipulation in patients with
lumbar disc herniation

We evaluated the interaction of pressure, fre-
quency, time, pain, weight, and gender using
an orthogonal experimental design in patients
with lumbar disc herniation that received TCM
rolling manipulation massage therapy. We fo-
und a significant interaction between all of the
factors evaluated (Table 3) (P<0.05). More-
over, manipulation frequency and patient pain
level both individually influenced the improve-
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ment of lower limb muscle tension in patients
with lumbar disc herniation (P<0.05). We then
went on to study the specific levels of these fac-
tors and their contribution to muscle tension
improvement.

Although rolling manipulation pressure impro-
ved muscle tension of the gastrocnemius, there
was no significant difference between pressure
levels of 2, 4, or 6 kg (Figure 2A) (P>0.05). The
frequency of rolling manipulation also improved
muscle tension of the gastrocnemius; however,
we found that 120 repetitions/min improved
muscle tension significantly more than either
60 or 180 repetitions/min (Figure 2B) (P<0.05).
In contrast, we did not observe a significant dif-
ference between rolling manipulation durati-
ons of 5, 10, or 15 min (Figure 2C) (P>0.05).
Interestingly, we found that rolling manipula-
tion showed significantly more muscle tension
improvement in patients with severe pain com-
pared to those with those with mild or medium
pain (Figure 2D) (P<0.05). Finally, we did not
observe any significant differences in muscle
tension improvement in patients of different
body weight or gender (Figure 2E and 2F)
(P>0.05).

Static pressure attenuation in skeletal muscle

To further investigate the mechanism by which
rolling manipulation improves muscle tension,
we modeled pressure attenuation using freshly
isolated porcine sacrospinous muscle tissue.
Since we were interested in how pressure is
transferred from the surface of the tissue to
the muscle layers below, we evaluated pres-
sure attenuation in muscle tissues of increas-
ing thickness as well as in different layers of

Am J Transl Res 2021;13(7):7654-7666
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Figure 2. The benefits of TCM massage are affected by rolling manipulation parameters and patient factors. TCM
rolling manipulation was applied in patients with lower limb tension, and the rate of gastrocnemius muscle tone
improvement (%) was quantified. Muscle tone improvement was stratified and compared by factors: pressure (A),
frequency (B), duration (C), pain level (D), body weight (E), and gender (F). Columns indicate independent levels per

factor, and error bars indicate the SD (n=3). “P<0.05.

muscle tissue of the same thickness (4 cm). We
began by applying a static force and analyzing
the resulting pressure-time curves. By compar-
ing pressure values at the same time point on
each static curve (Figure 3A), we found that
static pressure was attenuated in skeletal mus-
cle of each thickness compared to the static
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calibration baseline (Table 4). We also com-
pared each thickness to the previous thick-
ness and found that more pressure was attenu-
ated in thicker tissues. Indeed, pressure atten-
uation showed a linear relationship with an
approximate slope of 0.314 in consecutive mu-
scle tissue thicknesses.
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Figure 3. Static pressure attenuation in skeletal
muscle. A. Static pressure decay in skeletal muscle
of different thicknesses. B. Static pressure decay in
different skeletal muscle layers. Data indicate the
mean + SD (n=8).

Similarly, we found that static pressure was
attenuated in descending layers of skeletal mu-
scle (Figure 3B). We again compared each lay-
er to the previous layer and found that more
static pressure was attenuated from one layer
to the next, creating a linear relationship (Ta-
ble 5). Specifically, insertion of the diaphragm
pressure sensor into the 1/4, 2/4, 3/4, and
4/4 layers of porcine sacrospinous muscle
attenuated static pressure by approximately
12.5% with each layer (1 cm). Compared to the
pressure attenuation observed in skeletal mus-
cle of different thicknesses, the attenuation
rate of static pressure at increasing depths of
skeletal muscle was higher.

Dynamic pressure attenuation in skeletal
muscle

After establishing a baseline for static pres-
sure attenuation in different thicknesses and
layers of skeletal muscle, we went on to evalu-
ate the effect of dynamic pressure in these sys-
tems using defined rolling manipulation param-
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eters: 4000 g, 120 repetitions/min, and 10 min
duration. We compared pressure values at the
same time point for each dynamic rolling pres-
sure calibration curve (Figure 4A) to the base-
line and found that dynamic rolling manipula-
tion pressure was attenuated in skeletal mu-
scles of different thicknesses. Similar to our
results with static pressure, dynamic pressure
was also attenuated in each muscle layer com-
pared to the previous layer (Table 6).

Finally, we compared the dynamic rolling manip-
ulation pressure curves in descending layers
of muscle tissue to the dynamic pressure ba-
seline (Figure 4B). We found that dynamic pres-
sure was attenuated at each skeletal muscle
level. We also determined that each layer had
more attenuated pressure when compared to
the previous layer (Table 7). As the maximum of
the curve is 4 kg, and at the depth of 2 cm from
the muscle surface it is 3 kg, we concluded th-
at skeletal muscle pressure was attenuated by
nearly 75% after TCM rolling manipulation. The
attenuation rate of dynamic rolling manipula-
tion pressure was higher in increasing depths
of skeletal muscle tissue compared with the
attenuation rate in skeletal muscle of different
thicknesses.

Discussion

Optimization of TCM rolling manipulation pa-
rameters

Clinically, lumbar disc herniation is accompa-
nied by unilateral gastrocnemius distension,
spasm, and pain, but the degree of pain varies
between patients. Muscle swelling, twitching,
and pain are caused by excessive muscle ten-
sion, which may be due to viscoelastic muscle
tension, physiological contracture, voluntary
contraction, or muscle spasm [16]. Although
massage therapy can alleviate these clinical
symptoms, there is no standardized method
for performing rolling manipulation. To optimize
the parameters used for rolling manipulation,
we sought to define quantitatively the effect of
different combinations of parameters on mus-
cle tension in patients with lumbar disc hernia-
tion. The use of muscle hardness to accurately
measure muscle tension has been robustly
reported [17]. Therefore, we used muscle ten-
sion as an index to define the effect of rolling
manipulation massage on tendons and collat-
eral ligaments. Here, we evaluated muscle ten-
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Table 4. Static pressure attenuation in skeletal muscle of different thicknesses

Thickness: (cm) 0 1 2 3 4

N 8 8 8 8 8

4 kg 4.000+£0.000  3.636+0.005° 3.217+0.008"4  2.804+0.030"4 2.445+0.016"4
3 kg 3.000+£0.000  2.730+0.004" 2.403+0.024™4  2.118+0.021"4 1.843+0.018"4
2 kg 2.000+£0.000 1.800+£0.016" 1.600+0.020"4  1.401+0.003™4 1.219+0.019"4
1kg 1.000+£0.000 0.916+0.001* 0.809+0.018™*  0.705+0.026"4 0.618+0.004"4
0.5 kg 0.5004£0.000  0.446+0.002° 0.396+0.001"4  0.350+0.013"4 0.305+0.002"4
0.1 kg 0.100+0.000"  0.089+0.003" 0.078+0.003"4  0.069+0.002"4 0.060+0.002"4
0.05 kg 0.050+0.000  0.047+0.002° 0.042+0.002"4  0.037+0.002"4 0.032+0.002"4
0.02 kg 0.020+£0.000 0.017+0.001° 0.016+0.002"4  0.014+0.002"4 0.012+0.002"4

*Comparison with the surface pressure, P<0.05. AComparison with the previous thickness, P<0.05.

Table 5. Static pressure attenuation in different layers of skeletal muscle

Muscle layer Surface 1/4 2/4 3/4 4/4

N 8 8 8 8 8

4 kg 4.000+£0.000 3.51+0.002" 3.022+0.002"4 2.540+0.023"4  2.096+0.002"4
3 kg 3.000£0.000 2.63+0.002" 2.264+0.017"4 1.899+0.003"4 1.567+0.003"4
2 kg 2.000+£0.000 1.75+0.002" 1.514+0.023"4 1.264+0.014"4 1.049+0.003"4
1kg 1.000+0.000 0.916+0.001" 0.755+0.002"4 0.634+0.002"4  0.522+0.002"4
0.5 kg 0.500£0.000 0.43+0.002" 0.378+0.003"4 0.318+0.002"4  0.262+0.002"4
0.1 kg 0.100+0.000" 0.08+0.002" 0.077+£0.002"4 0.065+0.002"4  0.053+0.002"4
0.05 kg 0.050£0.000 0.04+0.001" 0.038+0.001"4 0.034+0.003"4  0.026+£0.002"4
0.02 kg 0.020+0.000 0.01+0.002" 0.015+0.002"4 0.012+0.002"4 0.011+0.002"4

“Comparison with the surface pressure, P<0.05. AComparison with the previous layer, P<0.05.

sion in both clinical and experimental studies.
Since gastrocnemius muscle quality varied am-
ong the study participants, we calculated the
muscle tension improvement rate of each par-
ticipant using muscle tension measurements
collected before and after rolling manipulation
massage.

In our clinical study, we found that a moderate
rolling manipulation frequency of 120 repeti-
tions/min was most effective in relieving mus-
cle tension in patients with lumbar disc her-
niation. The frequency of manipulation, or the
speed of the swing of manipulation, is the peri-
odic movement formed by the alternating con-
traction of the targeted muscle and the antago-
nist muscle [18]. When the frequency of manip-
ulation is too fast, this alternating contraction
produces interference, which affects the accu-
racy of the manipulation and may also injure
the operator [19]. This may explain why 120
repetitions/min was superior to 180 repeti-
tions/min under fixed pressure in our study.
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Interestingly, we observed that patients with
severe pain benefited significantly more from
rolling manipulation in terms of muscle tension
relief compared to patients with mild pain or no
pain. This finding is consistent studies report-
ing that massage relieves Jin, activates collat-
erals, regulates Qi, activates blood circulation,
and relieves pain [20]. We suggest that this
finding can be interpreted from two perspec-
tives. From the TCM perspective, swelling, twi-
tching, and pain in the gastrocnemius muscle is
primarily caused by muscle spasm, known as
tendon injury [21]. In TCM, tendon injury is
treated by locating the pain point. In this study,
we selected the Chengjin acupoint as the treat-
ment location, because this acupoint is thought
to be the site of gastrocnemius muscle spa-
sm [22, 23]. From another perspective, rolling
manipulation is reported to strengthen micro-
circulation [24], increase the local temperature,
improve the local pain threshold, and fully elon-
gate the tension or spasm of the muscle [25,
26]. The combination of these effects relieves
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Figure 4. Dynamic rolling manipulation pressure at-
tenuation in skeletal muscle. A. Dynamic pressure
curves acquired with skeletal muscle of different
thicknesses. B. Dynamic pressure curves acquired in
different layers of skeletal muscle. Data are shown
as mean = SD (n=8).

the tension and spasm of the muscle, eliminat-
ing pain. From either perspective, our finding
suggests that rolling manipulation massage
may be particularly beneficial for patients with
lumbar disc herniationwho are suffering for
severe lower extremity pain.

Pressure is a key factor that affects the am-
ount of stimulation achieved by rolling manipu-
lation massage. Appropriate manual stimula-
tion can promote metabolism and maintenance
of muscle function, but excessive or prolonged
mechanical stimulation can cause damage,
especially in patients with skin damage, subcu-
taneous congestion, syncope, and other ad-
verse reactions [27]. If the time and frequency
of the rolling manipulation remain unchanged,
the amount of stimulation will be directly pro-
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portional to the amount of pressure applied
during the rolling manipulation [28]. Although
pressure improved the muscle tension of the
gastrocnemius in our study, we did not find a
significant difference between the three levels
of pressure applied (2, 4, and 6 kg). In contrast,
we have previously shown that a manipulative
pressure of 4 kg is optimal to promote Qi and
activate blood flow when performing rolling
manipulation.

We also found that varying the treatment
duration (5, 10, or 15 min) did not significantly
affect gastrocnemius muscle tone in patients
with lumbar disc herniation. As additional tre-
atment time did not offer additional benefit,
blindly prolonging rolling manipulation is a
waste of energy for operators. Based on our
previous research, we infer that optimal effects
can be achieved when rolling manipulation is
performed for approximately 10 min.

Patient weight and gender had no significant
effect in our study, indicating that rolling manip-
ulation massage may be equally beneficial to
patients of any weight or gender. This suggests
that gender and weight are of low reference sig-
nificance to the prescription of rolling manipula-
tion massage by physicians.

Varying rolling manipulation parameters are
commonly used in clinical practice and include
pressure ranging from 2 to 6 kg, frequency
ranging from 60 to 180 repetitions/min, and
durations ranging from 5 to 15 min. In this
study, every combination of these parameters
improved the muscle tone of the gastrocne-
mius, suggesting that random parameter ma-
tching may still improve muscle tension. This
further suggests that rolling manipulation with-
out standardized training provides therapeutic
benefit but may not reach the optimal thera-
peutic potential. To reach this optimal thera-
peutic potential, each combination of rolling
manipulation parameters must be robustly
tested and matched.

Attenuation of TCM rolling manipulation pres-
sure

Porcine sacrospinous muscle tissue was used
as a surrogate for human tissue to generate
a translational experimental response to me-
chanical pressure in the tissue. The porcine
sacrospinous muscle is similar to that of the
human sacrospinous muscle in terms of mus-
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Table 6. Dynamic rolling manipulation pressure attenuation in skeletal muscle of different thick-

nesses

Thickness: (cm) 0 1 2 3 4

N 8 8 8 8 8

0.1s 0.470+0.019 0.422+0.002° 0.375+0.002"*  0.327+0.002"4 0.283+0.002"4
0.15s 2.217+0.021 1.999+0.019" 1.776+0.002"4 1.536+0.002"4 1.322+0.002"4
0.2s 3.963+0.023 3.575+0.002" 3.175+0.002"4 2.745+0.002"4 2.361+0.000"4
0.25s 4.029+0.022 3.623+0.002" 3.246+0.002"4 2.795+0.002"4 2.418+0.001"4
0.3s 4.070+0.023 3.671+0.002" 3.246+0.025"4 2.844+0.002"4 2.474+0.002"4
0.35s 3.923+0.018 3.547+0.001" 3.130+0.023"4 2.748+0.001"4 2.360+0.013"4
0.4s 3.785+0.016 3.422+0.002" 3.013+0.003"4 2.651+0.003™4 2.246+0.021"4
0.45s 3.250+0.015 2.883+0.011" 2.541+0.003"4 2.233+0.023"4 1.899+0.018"4
0.5s 2.625+0.021 2.344+0.018" 2.068+0.003"*  1.814+0.002"4 1.552+0.002"4
0.55s 0.471+0.019 0.421+0.002" 0.377+0.002"4  0.328+0.002"4 0.284+0.002"4

*Comparison with the surface pressure, P<0.05. 4Comparison with the previous thickness, P<0.05.

Table 7. Dynamic rolling manipulation pressure attenuation in different layers of skeletal muscle

Muscle layer Surface 1/4 2/4 3/4 4/4

N 8 8 8 8 8

0.1s 0.489+0.012  0.445+0.016" 0.387+0.001"4  0.332+0.003™4 0.276+0.002"4
0.15s 2.207+0.013  1.979+0.003" 1.739+0.001"4  1.495+0.003"4 1.241+0.002™4
0.2s 3.925+0.016  3.512+0.002" 3.091+0.001™4  2.658+0.002"4 2.206+0.001"4
0.25s 3.988+0.015 3.569+0.002° 3.123+0.002"4  2.692+0.001"4 2.230+0.001"4
0.3s 4.051+0.012  3.625+0.001" 3.155+0.002"4  2.725+0.001"4 2.254+0.001"4
0.35s 3.913+0.015  3.493+0.003" 3.056+0.002"4  2.637+0.002"4 2.188+0.002"4
0.4s 3.775+0.016  3.360+0.013" 2.956+0.001"4  2.549+0.002"4 2.122+0.003"4
0.45s 3.172+0.014  2.828+0.013" 2.485+0.003"4  2.139+0.001"4 1.782+0.017"4
0.5s 2.569+0.012 2.296+0.006" 2.014+0.024*4  1.729+0.002"4 1.441+0.020™4
0.55s 0.489+0.011  0.446+0.015" 0.388+0.001"4  0.331+0.003"4 0.275+0.002"4

“Comparison with the surface pressure, P<0.05. AComparison with the previous layer, P<0.05.

cle thickness, subcutaneous fat thickness, and
muscle characteristics [29]. Therefore, we used
porcine sacrospinous muscle to establish an
experimental skeletal muscle model and to
simulate the in vivo pressure response of skel-
etal muscle.

The greatest difficulty of establishing skeletal
muscle models lies in the appropriate descrip-
tion of the behavior of the different muscle tex-
tures (e.g., muscle fibers or tendons). From a
kinematic perspective, each skeletal muscle is
composed of two parts: muscle belly and ten-
don [30, 31]. Skeletal muscles can also be
broadly divided into two categories: long mus-
cles (muscles with fibers parallel to the long
axis) and latissimus muscles (muscles with
fibers at a significant angle to the long axis).
Latissimus muscles can be further divided into
half feather, feather, and multiple feather mus-
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cles according to the number of muscle fiber
groups with significantly different directions
[32-35]. Skeletal muscle is a deformable sy-
stem with spatial geometric, incompressible,
and volume-invariant constraint characteris-
tics. In other words, stress causes skeletal
muscle to change shape but not volume [36-
39]. In this study, we confirmed that the porc-
ine sacrospinous muscle does not change in
volume when external force is applied, and
changes only in shape. Therefore, we conclud-
ed that this property of skeletal muscle was
maintained in our system and could ensure
inward layer-by-layer communication of the
manual force.

The internal force generated by the muscle
fiber depends on its current length, deforma-
tion rate, activity, and historical state [40]. To
avoid experimental error caused by muscle
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degeneration, porcine sacrospinous muscle
was freshly isolated for each experiment. An
interesting observation in our study was that
static force was attenuated to a greater de-
gree when the diaphragm pressure sensor was
inserted at different levels of 4-cm-thick mus-
cle than when it was placed at the base of mus-
cle tissues with different thicknesses. One pos-
sible explanation is that porcine sacrospinous
muscle is rich, and the organization and tissue
fluid have a large internal force. This internal
force may generate more resistance and result
in greater pressure attenuation. Another ex-
planation could be that placing the sensor on
the bench at the base of the porcine sacrospi-
nous muscle provides no rebound force or in-
tramuscular resistance. Therefore, the manual
force is attenuated less than when the sensor
is inserted in the muscle tissue.

Our results indicate that the frequency of TCM
rolling manipulation massage and the pain
level of the patient are important factors that
significantly affect the relaxation of tendons
and the relief of muscle tension. Specifically, a
rolling manipulation frequency of 120 repeti-
tions/min significantly improved the lower limb
muscle tension of patients with lumbar disc
herniation. Patients with severe pain from lum-
bar disc herniation experienced significantly
greater improvement in lower limb muscle tone
after rolling manipulation. Mechanistically, ske-
letal muscle pressure was attenuated by nearly
75% after TCM rolling manipulation at a depth
of 2 cm from the muscle surface. Our findings
provide important clinical and experimental
insights into the therapeutic benefits of TCM
rolling manipulation massage, and suggest that
it effectively alleviates muscle tension under a
wide range of parameters that can be opti-
mized to improve clinical benefit.
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